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PRELIMINARY REPORT OW. LAhkINA&FLOVf AIRFOILS AND

NEVV METHODS ADOPTED FOR AIRFOIL AND

BOUNDARY-LAYER INVESTIGATIONS

By Eastman X. Jacobs

SUMMARY

Recent developments in airfoil-testing methods and
fundamental air-flow investigations, as applied to air-
foils at the N.fL.C.A. laboratory, are discussed. Prelim-
inary test results, obtained under conditions relatively
free from stream turbulence and other disturbances, are
presented. Suitable airfoils and airfoil-design princi–
pies were developed to take advantage of the unusually
extensive laminar-bounda~y layers that may be maintained
under the improved testing conditions.

For practical consideration, these preliminary re-
sults presented are of interest mainly in the lower Reynolds
Number range below 6,000,000. Within this Reynolds l?-~mber
rafige the new laminar-flow airfoils and the new airfoil-
design principles may be expected to yield drag coefficients
on actual wings of a markedly smaller order than those here-
tofore obtained. For example, drag coefficie~ts as low as
0.0022 and profile L/D values as ‘nigh as 290 were meas-
ured.

INTRODLICTION

During the past several years there has been a grow-
ing conviction that large drag reductions should be pos-
sible through the use on actual airfoils of the low-drag
properties of laminar boundary layers. In the past, how-
ever, the turbulence present in most wind tunnels tended
to so hasten transition., in the usual full-scale range of
the Reynolds Number, that the extent of the laminar layer
appeared so small that only slight drag reductions could
be expected from the low-drag properties of the laminar
layers.
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More recently, however, tests such-as those made in
flight to study the occurrence of transition under condi-
tions of small air-stream turbulence (references 1 and 2)
suggested t-hat transition might occur much later. Further- -
more, tests made in tunnels having moderately low turbu-
lence tended to show some drag redtiction owing to the -
presence of. laminar layers of appreciable extent on propel-
ler sections in the lower Reynolds Number range (reference
3) and in the lower full-scale range for airfoils (refere-
nce 4). The results of tests (reference 5) in the air
stream of the N.A.C.A. smoke tuqnel,. which is known to
have vanishingly small turbulence, as well as some Of G. I.
Taylorts theoretical considerations, led the “autnor to the
conclusion (reference 6) that more extensive laminar
boundary layers and consequently larger drag reductions
even at much larger Reynolds Numbers might be possible
with suitable turbulence-free conditions simulating close-
ly the turbulence-free atmosphere frequently encountered
in flight.

During this peridd, plans were started for suitable
low-turbulence large P?ynolds I$umber airfoil testing equip-
ment . The first step was to eliminate the complications
of t~.ree-dimensional flows, thus reducing the problem to
the two-dimensional flow about an airfoil section. The new

type of airfoil testing equi~menf was therefore referred
to as a “two-dimensional flow tunnel.” The proposed meth-
ods of investigating airfoils extending across a compara-
tively narrow test section were thus truly tests of the
airfoil section. In order to reduce the turbulence to such
a level that its effect on transition should t’end to van-
ish, variations of the methods employed in the N.A.C.A.
smoke tunnel were contemplated.

The next step was to verify the proposed methods of
airfoil testing. A small model of the new equipment was
considered, but in order to obtain conclusive results a
tunnel sufficiently large to reach the lower range of
flight Reynolds Numbers was agreed upon.

The first and most difficult problem with the new
equipment was to reduce the turbulence to the desired level.
The usual methods of measurement were not sufficiently sen-
sitive. Recourse was therefore had to the direct compari-
son of actual transition effects on airfoils as observed
in flight , in the new tunnel, and in other tunnels. Such
comparisons indicated that the turbulence as affecting
transition could be reduced below the level of other tun-
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nels and, in most ca:~.s, below the level in:erred from
many of the flight tests. (Compare, for example, fig, 13
of reference 2. Values of Jones? N exceeding 6,500,000
have been obtained from some of the recent tests of air-
foils in the new tunnel. ) Such comparisons suggest that
transition mas hastened in flight by other disturbing ef-
fects. In the tunne~, disturbances such as those due to
surface roughness were carefully avoided and vibration ef-
fects were probably unimportant, at least at the lover air
speeds. It remaius improbable, nevertheless, that the de-
sired effective zerg .turbuZence (vanishing effect on tran-
sition) has yet been attained. The turbulence level was
considered sufficiently low, however, pending more relia-
ble comparisons with flight, to justify the airfoil devel-
opment and the transition work herein reported in prelimi-
nary form.

In many ways, the preliminary results of these inves-
tigations have proved illuminating. It apFears that, un-
der these conditions of vanishing tur?mlence, transition
may be of a differe~t character t’nan in the usual tunnel.
The lam.inar-boundary layers ahead of transition often ac-
curately follow the laminar-boundary layer theory and ap=
pear to be free or nearly free from unsteadiness or fluc-
tuations of the Dryden type. ThUS the skin-friction drags
produced by these laminar layers at the comparatively
large Re:rnolds Numbers attainable with the new equipment
are no greater than the values predicted by the laminar-
boundary layer theory.

The experimental airfoil investigations covered in a
preliminary form in this report, moreover, are believed
to be the first showing large drag reductions practically
realizable through the design of airfoil sections to ben-
efit from very extensive laminar-boundary layers. When
airfoils are so designed that lamjnar separation is avoided,
and particularly when falling pressures in the downstream
direction are provided over a considerable portion of both
upper and lower sl~rfaces; laminar-boundary layers may be
maintained up to Reynolds Kur,bers of 6,000 ,000 or more if
sufficient care is exercised to eliminate disturbances
from air-stream turbulence, surface roughness, and vibra-
tion. Such methods are shown to yield, within this rela-
tively low Reynolds Number range, unusual drag reductions.
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DERIVATION OF AIRFOILS

The part of the investigation that resulted in the
development of the new sections is best described by giv-
ing a brief chronological account of the work. Many asso-
ciates contributed to the project, in particular, Pinker-
ton, von Doenhoff, Abbott, Stack, Robinson, Allen, Bicknell,
and Miss Alice Rudeen, who made many of the pressure-dis-
tribution calculations. Their general assistance and con-
tributions are acknowledged here for brevity in lieu of
definite references to the detailed parts contributed by
each.

The project was fid$t undertaken as the result of
reasoning li’ke that presented in reference 6, which sug-
gested possible late transitions in the presence of favor-
able pressure variations. Airfoil shapes were therefore
sought having the minimum pressure on both surfaces well
back. Trial shapes were used and results were checked %y
means of calculations according to Theodorsen~s method of
reference 7. Pinkerton, in particular, was successful in
finding a shape (fig. 2) that was considered reasonably
satisfactory for preliminary tests, alt’bough not as the
basis of a family. Models having this section were con-
structed for tests in the variable-density tunnel and in
the new tunnel. .

Some doubt was expressed as to possible drag reduc-
tions, owirig to the severity of the trailing-edge shape.
The development of a suitable family was tnerefore not
stressed, pending the completion of the new tunnel and the
tests of this first section. In connection with Stackts
project on propeller sections for high speeds, however, a
special mean- line shape was derived by von Doenhoff and the
author from thin airfoil theory to give a uniform chord-
load distribution. When pressure-distribution calculations
became available for some propeller sections having this
mean line, it was apparent that its use, tihrough adding a
small constant velocity increment to the upper surface and
deducting an equal increment from the lower surface, tended
to leave both surface pressure distributions substantially
unaltered. Hence it became necessary only to develop suita-
ble thickness distributions for symmetrical airfoils giving
the desired surface pressure variations.

In the meantime, the new airfoil testing equipment had
been completed, and the first new airfoil (fig. 2) was test-
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ed in Jur.e 1938. In comparison with an N. A. C.A. 0012 air-
foil, tested under the same conditions, the new airfoil
showed very. extensive laminar-boundary layers, as expected,
and the unusually low minimum drag coefficient of 0.0030.
Comparative tests of the same airfoil in the varia-~le-
density tunnel, however, failed to show unusually low drag
coefficients. Two very important conclusions therefore
resulted from these preliminary tests. “First, it, is feasi-
ble to realize large drag reductions by designing airfoils
to promote extensive laminar-boundary layers, even if such
designs lead to an abnormally a%rupt fairing in the trail-
ing-edge region of the airfoil. Seco~d, such airfoils
must be investigated under coalitions approaching freedom
from turbulence.

A development program for this new airfoil type vas
therefore begun at once. The outstanding objectives of
the investigation were to determine a limiting extent of
the backward movement of the minimum pressure point on the
airfoil surface and to investigate, in particular, various
degrees of fav~rable pressure gradient in tke forward or
laminar region. Suitable thickness distributions (symmet-
rical airfoils) were therefore sought; and, to save time,
these shapes were to be combined with only one mean camber
selected to give the desired pressure d.istri”oution at

C2
= 0.2, a reasonable big-h-speed or cruising lift coeffi-

cient..

The desired symmetrical airfoils w,ere based on ones ‘
for which calculations had been made in connection with
the high-speed airfoil investigations. One wprked out by
Robinson, through. the process of pressure calculations
following small empirical changes made to produce a nearly
uniform pressure along the surface from a point near the
leading edge to the 0.7c station was considered satisfac-
tory as a member of the family having zero pressure gradi-
ent and was therefore designated N.A.C.A. 07.

Another airfoil, herein designated N.A.C.A. 16, was
taken as a base for the next family, having favorable pres-
sure gradients over the forward part of the profile. This
base section may be considered the extension of the family
of reference 3 that would therein ‘have been given the num-
ber N.A.C.A. 0009-45, an~ may be accordingly derived.

Other airfoils of the same series were tilen derived to
investigate t~LC? effects of a progressive bac”kmard movement
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of the minimum pressure point. A compressing function was

applied to the tail portion of the airfoil the function

being so chosen as to leave the a%rfoil unaltered at maxi-
mum thickness where the two parts Join. The function is

given by

xl - 0.5= &
{

In 1 + k (2x-1)
}

(z ? 0.5)

“where x represents the original station for the airfoil
of unit chord, and Xt represents the new station. The

resulting airfoil was subsequently stretched uniformly
back to its normal chord length, the final result being a

backward movement of the maximum thickness station. Pres-

sure calculations for this group of airfoils having vari-
ous position$ of the maximum thickness indicated that such
a series should be satisfactory. The members of this fami-
ly of airfoils therefore received designation numbers as’
follows:

N.A.C.A.
designation 16 18 19

Position of
maximum thickness 0.5C 0.6c ().7C

Approximate position
of minimum pressure 0.6c 0.8c 0.9C

Leadi~g-edge radius
index (reference 3) I 4 3 3

Thus the number 16 suggests the form of the thickness
distribution and the complete designation number N.A.C.A.
16-209 for example, is formed by adding three more digits
after the dash. The fii-st digit increases with camber and
refers to tb.e lift coefficient, 0.2 in this case, for which
the airfoil is designed. The last two digits refer to the
thickness, 0.09c, in this example.

Finally, the test results for these airfoils and par-
ticularly for the modifications investigated with cusp-
type extensions at the trailing edge to relieve the sever-
ity of the flow conditions in this vicinity, led to the
development of a second series designated 27. This modi-
fied series, designated %y the first digit 2, is much like
the first, but the thickness distribution is modified to

—— . —..-——.. .—. — —-,,,,, ,..
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produce a tendency toward a cusp-type tail. The mean line ‘
is also modified s“lig~tly near t-netrailing edge so that
the lift-load distribution instead of being constant along

. the entire chord is constant only over the forward 80 per-
cent and then tapers off progressiv@y toward zero at the
tail. This mean-line modification was considered desira-
ble further to relieve the severity of the adverse pres-
sure gradients in the turbulent-boundary- layer region near
the trailing edge. This modified mean line was also used
with some of the airfoils of the first series. The air-
foil profiles included in t’nis* investigation are skown in
figure 3.

AIRFOIL ORDINATES

The airfoil ordinates may be derived by combining the
camber and the thickness forms in the usual way, as ex-
plained in reference’ 8. The mean-line form may be found
from tile following general expression, wor-ked out by Finker-
ton and Allen:

Ct [’(1“ YC = %7(a+b)———.— ___ ~ (a-x)’ tn la-xl -
b.–a G2

~ (b-x)a in lb-x! + ~ (b-x)2 - ~ (a-x)2’\ -
J’

-i
- x ~n x-t- g- hx I

h=–~–”
b-a L

~ (1-a)’ tn(l-a) - > (1-b)2 ~n(l-b) +

}
+ ~(l-b)’ - ~(1-a)”+ g

where the chord is unity an:d the load is ‘~niform. from the
leading edge (X Q O) to the chordwise position x=~a,
then tapers off’ uniformly to zero at X=h, and remains
zero from this point to the trailing edge at X+1. For
the N.A.C.A. ~’?-21!5 airfcil with 0.5c trailing-edge exten-

a= 1.6 2
sion, ——

3 and b ‘~=~. For the usual 27 group of

airfoils, a=O.8, b=l, and two ot’ner airfoils desig-
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nated N. A. C.A. 07, 8-209 and 16, 8-215 have this same mean
line. For the rest of the airfoils having the uniform-
load mean line, a= b=l, and the expression for the
mean line reduces to the simple form originally derived by
von Doenhoff and the author:

Yc=-
[

~ (l-x) tn (1-x) + x tn x
J

dyc Ci——. = —
dx 411 [

in (l-x) - in .x1
The value indicated by Ct is the ‘idealtl lift coefficient

far which the airfoil is designed, 0.2 for most of the pres-

ent sections. All the mean-line ordinates and slopes ~.t
standard stations are given in table. I.

Ordinates for the thickness forms (symmetrical airfoils
of the one maximum thickness 0.1”2c) are given in table II.
Various airfoils of the present families may thus be de-
rived by com-oinations of suitable camber and thickness

forms . The method, now employed by some manufacturers, of
laying out full scale the thickness ordinates perpendicu-
lar to the mean. line at the standard stations, is definitely
recommended for practical users of airfoils of these new
families.

TEST NETHODS

The airfoil xzodels tested were of 3-foot span and usu-
ally of 5-foot chord. (See fig. 1.) They were of wood
carefully machined to accurately laid-out and faired tem-
plets. During” the investigation the matter of surface fin-
ish received much. atter.tion. Slight waviness or roughness
was found to ?.asten transition so that during the earlier
tests, the lacquer surface finish was progressively im-

proved by sanding and filling to reduce any unfairness and
small-scale roughness.

The first model w,~s built by attaching a cover to a
wooden’ frame but the slight tendency to~vard dimpling at the
points of attach.meut gave marked adverse effects on tran-
sition. In fact, it appears that no perceptible three-
dimensional dimples of tilis type can be tolerated. Such

composite methods of construction were therefore abandoned.

.—., —— ...—. .,. .-,.,,,. ... .— ,,-—-
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No additional gain in surface” smoothness on transition was
realized, however, beyond that obtained by the use of 400
water cloth, working in the di”rec~.ion of the air flow to
remove all appearances of slight depressions or elevations,
although some slight gain may appear from polishing the
extreme nose portion of the airfoil where the boundary
layer is very thin. A surface R.M.S. roughness reading of
10 millionths of an inch was obtained f-r~m a llprofilometern
measurement on a typical model. A better qualitative im-
pression of tiie surface condition may perhaps be had from
the estinate that the finish did not need to be as smooth
as a ,higb.-grade automobile finish.

No attempt will be made to describe the tunnel and
the detailed testing methods in this prelimir.ary report.
The air-flow uniformity in respect to both turbulence an?
distribution throughout the test section is such that de-
partures from the desired conditions are extremely diffi-
cult to determine.

The investigations were -generally of an exploratory
nature ar.d followed no routine yrocedure. It ~as at first
planned to use a balance to obtain some force me~surements,
but it later appeared that air- flow anii wake-survey meth-
ods were giving all the information required for the pre-
liminary tests. Consequently , a tunnel balance has not
been installed.

The usual testing procedure was first to estimate the
drag from the integral of total-pressure-defect measure-
ments in the wake for several angles of attack near that
of minimum drag to find t,he angle correspoaditig to the most
favorable flow conditions on the airfoil. Later an llinte-
gratingll manometer co.nnq$ted with a survey llr.akeltwas em-
ployed. This arrangement gave a direct indication of the
drag by the depression in the general liquid level in the
unaffected tubes, which are associated with the rake tubes
that lie outside the wake. The method should be apparent
from figure 4, whit’h shows the wake from O.1-inch-diameter
tubes spaced on 0.2-in~h cen.ter.e.and ldcated in the wake
@.4c behind the trailing edge of the 5-foot-chord models.
The wake in figure 4(a) is from an N.A.C’..&. 0012 airfoil at
zero lift and the wake in figu.,re 4(b) is from one of the
low-drag airfoils at approxixnate,ly its design lift. The
separate tubes at the left indicate the tunnel dynamic
press’ure and the wake static pressure.

The airfoil drags were thus estimated over a range of
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angles and Reynolds Numbers “to define the region to be
covered by loundary-layer surveys and pressure-distribution
determinations. These determinations by means of a ‘lmouse’t
somewhat like those described in reference 2 (see also fig.
1) were usually restricted to the angle of most favorable
flow conditions The principal objectives were to study
the boundary layers and the transition points as a func-
tion of the Iieynolds Number, to compare the experimental ,
and theoretical pressure distributions, to investigate pos-
sible regions of separation (both laminar and tur%ulent)
and their effects, and finally to determine the optimum
lift coefficient. Some of these determinations are fur-
ther discussed when the results are presented.

Finally, some of the airfoils were tested in the vari-
abl e-density tunnel in order to indicate the usual over-all
airfoil characteristics and also the drag characteristics
for extremely large Reynolds Numbers or other cases where
transition effects tend to be suppressed. Yhese results
may also be employed to estimate the maximuu lift to be ex-
pected in flight. The tests therefore include some in

~lams are applied to the sections.w“nich split . .

RESULT S

No attempt has been made to present these preliminary
results in a complete or final form. Only the more signif-
icant results are included afld no corrections have been ap-
plied, except to the results from the variatle-density tun-
nel. The Cd values given are simplY the integ~als from

the total-pressu~e- defect measurements. A small correc-
tion will eventually be applied for the survey-tube size
(effective centers not the geometric centers) . Perhaps an
improved approximation to the ‘true drag results would have
been obtained by the use of the Jones formula, but no cor-
rections of this type are being made pending the comple-
tion of an investigation now in progress to determine the
correct methods of drag measurement by the wake-survey
method in a closed tunnel. In general, it appears that the
more exact methods will always result in corrections that
will reduce the drag values presented. !!kese corrections
may , in some cases, be of the order of 15 percent.

Tunnel-wall corrections should also be applied to the
results of pressure measurements on the airfoil surfaces.
In the future, this difficulty will probably be avoided by
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test~ng an airfoil somewhat thinner than the section it isl
to repr~se.ntg For .9Xammlej. the su~fac.e press’~re drop near
the min,i,murn-pressure p,~~nt on an airfoil of 5-foot chard

s with a 15-percent-thick section in the tunnel is about 8
percent more thqn it would be in free air. S’uCh restric-
tion effects, of cou.r.se, influence the lift results from
the pressure determinations, although this error has been
approximately removed by correction from some of the re-
sults for comparison with tho,ss from the variable-density
tunnel and presented in figures 28 to 33. A small ve30city-
measurement err~rj of the type ”that has sometimes been er-
roneously referred to as llblocking,tl may also .be present
tending further to reduce the co~ffic.ient values.

Transition was judged from observations of impact
pressures from the inner mouse tube, which rested with its
flattened lower viall against the w:ng s-arface. The effect-
ive height of the tube was ‘usually about 0.008 inch. The
velocity indic-ated by the difference between this impact
pressure and the static pressure from the mouse static tube
thus indicated the surface velocity gradient and- conse-
quently the “local skin friction. Transition was ~udged as
the beginning of a sudden aad marked increase in this veloc-
ity as the tunnel speed was gradually increased to move the
transition point across the wing-surface station under ob- 1
servation.

Later, an improved methbd that gave more precise re-

(qs)1”3
suits was adopted. The function ———L—— - , where q is

w~ q
s

the dynamic pressure indicated by the surface tube and q
is the stream dynamic pre,ssu,re, was plotted against G .
This procedure is sulsiamtially the equivalent of plotting
against the Reynolds Number R a function. of the surface
velocity gradient:

.

d US/TJo
——— .—
d ys7c

———————____
J-F--

which tends to rer,ain independent of the Reynolds Number
as long as the surface tube remains relatively close to
the surface in a truly laminar layer. 3’igure 5 shows the
method applied to t-he determination of three transition
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points on the IT.A.c. A.. 27-212. It will be noted that the
function” remains constant indicating a truly laminar layer
in the low-speed range and then rises abruptly in the tran-
sition region. The transition points were taken as the
positions indicated by the arrows in figure 5 at the lcn”ee
of each curve.

The condition of the “boundary layer Just prior to
transition was investigated %y the hot-wire method to
study i.n greater detail the nature of transition, and to
find an explanation fdr the tendency of the transition
functioq to rise slightly before the appearance of marked
transition effects. A fine hot wire was used with a h.igh-
gain d.c. amplifier and a cathode-ray oscilloscope. !lhe
results obtained, some of w-hich aye indicated in figure 5,
are rat’her significant. Well ahead of the transition
p~int the laminar- boundary layer was remarkably steady and
appeared to be free, or nearly free, from unsteadiness or
fluctuations of the Dryden type. Perhaps such steady lam-
inar layers should have been expected under the test con-
ditions of very low turbulence in the new tunnel, particu-
larly after it had been demonstrated that the experimental
and ●theoretical boundary layers agreed excellently, both
with respect to total layer thic-kness and the veloc~ty
profile within the layer, but Dryden (reference 9) had
found from eqeriments that some layers may become markedly
unsteady while, at the same time, retaining laminar prop-
erties, at least much more nearly laminar t“han turbulent.
The oscilloscope showed, however, a quite different behav-
ior as the Reynolds Number was increased to brtng about
transition. Instead of fluctuations in the laminar layer,
the observations indicated momentary transitions to skin-
friction intensities comparable with those of a fully de-
veloped turbulent layer but of extremely short du,ration,
perhaps less than 0.01 second and at first occurring only
once every several seconds. !!?hese very short ?mrsts of
turbulence mere muqh’ too fast to appear in the over-damped
mouse measurements, which indicated only a mean result.
The reason for the early gradual rise of the transition
function is thus appnrent. The total time duration of the
turbulent type of flow was of the order OS 1 percent when
the ‘~transition pointll indicated by tkle arr~r at R =
6,00C ,000 in figure 5 was reached. As tll~:Reynolds Num-
ber was f’~rther increased, the frequeccy, a:~~ also the
duration, of each of’ the turbulent bursts i:.lcreasei so
that the relative total time in this condition increased
as iaiiicated by tune percentage values given opposite the
points i:l figure 5.



13

Pressure-distribution results, botk. theoretical and
experimental , when extensive mouse static-pressure obser-
vations yere made, are presented toget’her in fignres 6 to
21. In some cases, the theoretical pressures ~ere obtai’~ed

[ directly from calculations by Thegdorsenls method (refer-
ence 7) and, in .o.thers, by Allenls method (reference lCI)

]
of velocity-increment addition to the velocities about the
basic symmetrical section to allow for tb.e lift-3oad dis-
tribution This methoii is very S.iuple and may be readily
applied to the prediction of pressure distributions and
critical speeds for other der~ir~d airfoils of the new ~am-
ilies. For such purposes, the theoretical basic pressure
distributions for the. symmetrical. sections are given in
figure 22 and in tables 111 to VII.

Certain additional itiportant data are also included in
figures 6 to 21, in addition to the arrows i~dicating the
measuret transition-point positions; and the corr&sponding
wirig Reynolds Numbers indicated in millions near each ar-
row. Separation of the flow is also i~uicated as judged
from the mouse measurements. Included also are the angle
of attack, the corresponding measured minimum drag coeffi-
cient, and tb-e Reynolds h7um-~er at whit-h it occurred. The
theoretical compressibility-burble speeds, expressed as
the ratto c~~ of the critical speed to the speed of sound
obtained bet-n from the neasured and the theoretical peak
negative pressure coefficients hy the method of reference
11, are also inciuded in each figure.

Some other experimental data are presented ~ith the
discussion. Data dealing with further details o: scale-
effect calculations , skin—friction distribution, and bound-
ary-layer studies in ~ompariso’n with theory, the analysis
of tb.e trar.sition data, the extes-ision of these airfoil de-
velopme~ts to higher Ileynold= Numbers and speeds, studies

. of the relative tunnel turbulence, and check tests in oth-
er tunnels and in flight will be separ~tely preser.ted and
disc-~ssed by various authors in stibsequent papers.

DIS~USS13X

Best Airfoil, the Cptiw.um ReYnolds Number Range

This discussion will first consider t“~e experimental
data on the various airfoil ferns almost w’itho-~t regard to
the Reynolds Number, considering zainly the minimumdrag
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results in the range where the gains from extensive lami -
nar flows were largest. Applications at higher Reynolds
Numbers will be considered later. The emphasis on the
minimum-drag results may appear inconsistent with earlier
N.A.C.A. airfoil reports, but several factors have altered
the point of view. A commendable trend has begun, led
particularly hy the Army Air Corps, away front an arbitrary
la~ding-speed requirement that tends to fix the wing area
in relation to

CL
Changes in

CL
therefore no

ma x ma x
longer necessarily produce corresponding changes in mini.
mum wing drag through the process of forcing a change of
wing area. High maximum lift coefficients, moreover, were
often associated with large and abrupt lift losses leyond
the maximum, a combination of perhaps less than no value
except through the possibility of thus circumventing the
arbitrary landing-speed requirements to affect area and
drag reductions X’inally, the drag reductions possible
through the realization of extensive laminar layers are
relatively so large that

CL
variations tend to- become

max
relatively tinimportant between airfoils of slightly differ-
ent shape, particularly when used with a high-lift device,
as in figure 31, for example

The data should thus %e considered first in relation
to the more important factors affecting tne minimum drag.
As pointed out earlier, one of the objects of the investi-
gation was to determine the limiting extent of the favor-
able pressure, or laminar flow run over the forward part
of the airfoil and also the effects of variations in the
degree of the Dressure gradient within this range. As re-
gards the limiting extent of the laminar layer, the drag
results (figs. 23 to 27) show that it tends to increase as
the airfoil thickness decreases. The lowest drag coeffi-
cient obtained was 0.0022 with the&h&_J.8-204 se ct ion—.
at a Reynolds Number o..fapproxi.mate& ..4V.QQQJlQ0. Figure’ 6
indicates that tb.e extent of t’he laminar run was then more
than G.80c. The determinations indicated that this run
could not be greatly increased. If an increase was at-
tempted through a reduction of the Reynolds Number, wake
fluctuations and drag increases were encountered. T~le a.d-

veree effects were evidently associated witk. trar.sition
occurring momentarily so far behind laminar separation t’hat
an incomplete closing in of the turbulent layer with con-
sequent pressure drag was encountered. (See reference 12.)
On the other hand, adverse effects also ap~eared when a fur-
ther backward shift of transition was attempted through a
backward movement of the minimum pressure point, as in
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changing to the N..A.C.A. 19-,204 section (fig. 7). The min-
imum drag coefficient obtained was 0.00.29; this value in-
dicates that such an extreme ba,ckm:amd movement of the mi.ni~

D mum-pressure point results in too blunt a trailing edge
even for a 4-percent-”thic’k airfoil. Tbe pressure recovery
and adverse gradients are evi.den~ly tog s~ve’r.e to be over- ,h$\~’;
come even by the most ‘favorably situated turbulent layer. >J’ ~os

i~<,,
Turning now to the 9-percen$-thick airfoils (fig. 24) , ‘~,,.~

2
,’ U

tne 18 series is still found to have the lowest drag coef-kl~ ~,< ,,~~~k~ @

‘ficient (0.0026), but the min.im”um now occurs at a higher Q;J5d.- ‘>/
Reynolds Number. This change may be attributed partly to &+.W~W@y
a lower boundary-layer Reynolds Number

‘6
associated with @ V>”

the increasing airfoil thickness because of the resulting
~w@’-

increased favorable pressure gradients over t’ke laminar
portion of the surface. Thus , if transition tends to occur
at a given R~ , the given valtie will be reached at a higher

R
(

on the thicker wing. It is noteworthy also that the
drag of the I?.A.C.A. ~7-209 atrfoil reaches nearly as low a
value and sho~s a considerably less marked rise at the
higher Reynolds Numbers than the 18 airfoil. In fact, the
cusp-type trailing edge was add&d to the 18 airfoil (fig.
10~ in ~n attempt to reduce tlie severity of the traili2g-
edge conditions. The wake surveys and the surface-pressure
determinations on this airfoil without the cusp were so er-
ratic that the cusp was consi~ered almost necessary to es-
tablish the circulation and lift so that accurate measure-
ments could be made.

,A consideration o’f the pressure diagra-~ in figure 10
suggests anotb-er reason for the use Of the CIISp. With
blunt trailing edges like th~se of the 18 series, a marked
pressure drag may be associated with t’he failure of the
actual surface pressure’s to riie toward the stagnation
pressure at the trailing edge as the theory indicates they
should when the form dr’ag is zero. As shown by figure 10,
the theory does not require for the cusp tail this unattain-
able type of pressure rise.

Associated poor pressure recoveries and xnarked form
drags for the blunt airfoi,l are apparent in the results,

. particularly at “Reynolds Numbers higher than that for min-
imum drag. Here the conditions in the turbulent layer be-
come progressively less favorable for a pressure recovery
as the transition point moves forward on t-he airfoil. The
increased turbulent skin friction occurring ahead of the
minimum pressure point thickens the turbulent layer at the
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beginning of the pressure recovery and hence makes the
given adverse gradient relatively more severe. Under ex-
treme conditions, turbulent separation may be exyected.

Such considerations led to the development of the
N.A.C.A. 27 series (fig. 11) which was designed to relieve
the severity of the flow ,conditions in the pressure-recov-
ery region behind the minimum pressure point. The ex-
pected reduction in drag at Reynolds Numbers a-oove that
for the minimum is shown i-n fig~re 25 and more particuls.r-
ly for the 12-percent-thick section in figure 2’6. The

marked favorable result is not indicated for the N.A.C.A.
27-215 section (fig. 27), but the ordinates for the 27
series were revised betmeec the time the 15 airfoil and
the other airfoi~s were constructed, The ordinates of
the airfoil that was tested are not no~ considered satis-
factory as a member of the 27 family. ?!he test results,
although included, should therefore be discounted.

Another unanticipated result of changing fron the 18
to t~.e 27 series was the shift of the minimum drag to
lower l’leynolds Numbers. The same result is agai> indicat-
ed in figure 25 in changing the m.inimwm pressure farther
forward from 0.7c to 0.6c in going from the 27 to the 16
series. The opposite shift of the minimum drag to higher
Reynolds Numbers was expected owing to the lorer local
Reynolds Number at the minimum pressure station at a given

T-fieexnlanat,ion is tihat minimumwing Reynolds h’umber. .
drag with these airfoils does-not occur when transition is
near the minimum pressure point, or evec forward of the
laminar-separation point. (See figs. 12 and 18.) ‘Ikese
experimental data do not conflict with the laminnr-separa-
tion theory (reference 13), ri-ich places the laminar sep-
aration point very near the minimum pressure point after
the layer has become thickened by its long run over the
forward portion of the airfoil. When the rciniuum pressure
point is Rot well back, minimum drag occurs at a Rej’nolis
Number so low that moderately extensive laminar separation
is actually present.. The transition occurs soon enough to
close in and-permit the pressure recovery but not soon
enough at minimum drag to, produce excessive tu.rbuler,t skin
frictioas. In the separated or adverse Fressure range,
however, this transition tends to occur at a reduced
Reynolds Number.

I’igure 25 also throws some light on the Question of
how steep the favorable Fressure gradient should he over
the forward part of the airfoil. A comparison’ of the
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N: A. C.A. 07-209 and the X. A. C.A.. 27-209 airfoils shows a
higher minimum drag a,nd:an. ea~lier rise ~it:h iilcreasing
Reynolds .l?umber for the airfoil with the fl,a.tpressure

m dist.ributi.on.

A tentative explan,atio~ can be given’ as the result of
further fundamental bou,ndar.y la.y-erand transition studies
not ~ncluded ‘in this report. .The.difficulty with the flat
pressure distribution is not ‘primarily. that transition nec-
essarily occurs at .a much smaller va,lue. of.. ,R~ in .the.a3-

sence of a favorabl”~ pressure” ~ie.ld, alt-nough there may be
some ,Slight tend”ency in th,is:.direction, but tizit very small
disturbances such as sligkt imperfections in the” model,
slight. departures, from, t-n~ design angle of attack, or
slight flow flu.c$uat ions may Froduce regions of local ad-
verse. pressure graciie~t; This conditioa tends to produce
regions of excessive bound ary-layey thic’kcess (or even lo-
cal separation) , which tend to grow three dimensionally in
the absence of .a favorable pr”essure gradient im~elling the
low-energy air. along in the normal flow direction. Hence,
excessive values of ,R nay appear l~cally leading, in
turn, to ~ prematur e.,transition. The,optimum r.agnitude Of

\
the favorable Fressur6. gradient. for these airfoils there- 1
fo>e becomes largely a matter of pract.ical .conprom.i se. ~
Small gradients require.extreae care:in tke elir,iqatian of
disturbances, w’nereas large gradients cause excessive skin
frictio~, excessive form drag due to th6 r.ore severe pres-
sure recoveries, arid low critical speeds due to the exces-
sive peak negative pressures.

Applications

It thus apdears that, within the Reynolds Number range
considered, the N.A.C.A. 27 series represents a reasonable
approximation to the best compromise. T’Iielift at which
the minimum drag occurs may be varied.at liberty to meet
particular design requirements. The extent to which the
optimum lift may be increased is suggested by the results
for the N.A.C.A. 2’7-2012 in figure 16. This airfoil was._—
designed for an optimum lift coefficient of 2.C. such
an extreme procedure probably pushes tl.e present design
principles too far, but high-lift airfoils of this tjrpe
may find some application. ‘IF-eultimate merforman-ce of an
airfoil section for application such as. l~ng.=range air-
planes, gliders designed for small gliding awgles, ‘slower
and propeller blades, guide vanes, etc. , is mess-lred by
the ~aximum profile L/D for the section. with these nev?



airfoil-design principles, low-drag coefficients may Ye at-
tained at rather high lift coefficients. With the older
type of flapped airfoil, for example, the pressure recov-
ery realizable over the uppe:’ surface of the flap was re-
stricted by t-he excessive thickries& of the turbulent layer
in this vicinity. Owing to the possibility of maintaining
laminar flows over the forward portion of the new airfoils,
the turbulent layer at the after part of the airfoil may be
relatively thin with the result that relatively abrupt
pressure recoveries are attainable. Although the boundary-
layer studies on the N.A.C.A. 27-2012 indicated that the
lift in this case had probably been pushed too high, a

maximum profile L/D of over 290 was attained. For air-
foils similarly designed but with slightly lower optimum
lifts, the turbulent separation that occurs near the trail-
ing edge may be sufficiently reduced to produce even ‘higher
L/D ratios.

By a suitable choice of the camber to give “the desired
optimum lift, the lift range of low drag (figs. 28 to 32)
will be suf.ficieat for many practical applications. out-
side the low-drag range, the variable-density tunnel re-
sultis suggest that the airfoil drag will not be excessive.
The results presented herein are applicable only within
the lower Reynolds Number range and therefore appear most
naturally suited for application to small aircraft and
gliders. It should not be overlooked that they may have
much wider application to special designs in which it is
feasible by reduction of wing chord or density at high al-
titudes to achieve the proper Reynolds Number. In applica-
tion to airplane wing design the camber will probably be
selected so that the optimum lift will occur near the cruis-
ing speed. An airfoil some~here between the N.A.C.A. 27-112
and N.A.C.A. 27-512 will thus probably le employed. The ad-
vantage of the new sections will then appear through in-
creased Curising speeds and in more economical operation

within this speed range.

It should be emphas,ize.d, however, that the gains will
not be marked unless suitable applications are selected.
It may be desirable to employ unusually large aspect ratios
in order to reduce the induced drag and to reduce the chord
sufficiently to obtain a suitably low Reynolds Number.
The wing surface nust, of course, be. fair and smooth over
the forward 80 ~ercent.. Vibration should be avoided and,
in all Frobabilityv the propeller slipstream on the wing
must be eliminated. Fusher propellers are therefore to be
recommended pending an experimental demonstration that the
disturbing effects of the tractor propeller can be toler-
ated. Disturbances arising forward of the wing along the
fuselage will affect only small portions of the wing ad-
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ja cent to the fuselage. Only that part of the wing inside
a line extending from a point at the leading edge j*ast out-

\“i. side the fuselage--boundary layer backward toward the trail-
5

[

ing edge and outward w:th the flow direction at an angle
\!, probably less than 8° need necessarily be subjected to the

usual b..ig’hturbuler-t slkin friction.

Most important of all in any application, however,
is the reduction of fuselage, tail-surface, and parasite
drags to a reasonable uinimun. High parasite drags may
easily mask any marked gain from a large reduction in
wing-section drag. One private-owner tyFe of airplane
tested in the I?.A.C.A. full-scale tunnel showed for exam-
ple, a drag coefficient of approximately 0.0600. A reduc-
tion o“f wing drag from 0.0060 to 0.0030 would consequently
have reduced the over all drag of the eirplane only in the
r~tio 55/60 The resulting speed increase wol~ld thus rep-
resent an almost inappreciable gain. On the other hand,
if the airplane to wnich the new wing is applied is so
clean that the wing-profile drag represents a large yar~
of the entire drag, the performance gaits w-ill be very
l~rge. The F.igher speeds attainable, in turn, reduce the
induced power, an~ often improve the propeller efficiency.
Particularly in bucking a head wind, t’ke time savicg and
tile economy expressed in miles per gallon, a matter of vi-
tal importance to the private flyer, should thus le im-
prQved to a very marked extent by the application of the
new wing sect ions,.

Applications at Reynolds Numbers Above the Optimum

Little will ‘De said regarding the application of
these data at the higher Reynolds N.unibers because further
investigations outside the scope of this report are now in
progress to develop methods of maintaining these same 10W-
drag properties at very high Reynolds Numbers, ~t appears,

\ however, that comparatively small gains of”this same type
I may be readily realized at the higher Reynolds Numbers by

maintaining the laminar layers over only a comparatively
small portion of the forward part of the airfoil. In fact,
full-scale tunnel tests of the.N.A.C..4. 23012 airfoil (ref-
erence 4) , and of the N.A.C.A. symmetrical airfoils (ref-
erence 14) , as well as tests of the N.A.C.A. 23012 airfoil9>
to study roughness effects in the. 8-foot high-speed tunnel,
indicated that some gains of this type would be possible on
existing airplanes if sufficient attention were given to
the surface condition on”the forward part of the wing..
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Actually the gains might be noticeably larger in flight
owing to tunnel-turbulence effects present in the test re-
sults. On the other hand, these types of airfoil are in-
herently unsuited to the desired flow coxiditions, except
possibly at extremely large Re3-nolds Numbers. The liaddi-
tional’t type of lift distribution ~ssociated with the sya-
metrical airfoil, for example, causes a mini~nln-pressure
peak to occur very near the leading edge on the upper sur-
f%ce. (See references 15 and 10. ) This condition always
tends to lead to premature laminar separation or transi-
tion.

An obvious improvement in the medium Reynolds Number

rauge is possible with an airfoil like the N.A.C.A. 2412-34
from the family of reference 3. This type of airfoil has
a letter lift-load distribution and a thickness distribu-
tion that does not produce a minimum-pressure peak exces-

sively far forward. The N.A.C.A. 2412-34 and I?.A,C.A.

1412-34 airfoils are therefore to be tested in the new tun-
nel and will be separately reported when the results are
available.

It should be urged, however, that snap judgments based

on boundary-layer calculations along the lines suggested by
reasoning similar to that presented in the preceding para-
graphs be withheld pending further experimental investiga-
tions. Some of the test results (figs. ls”and 26, for ex-
ample) show large drag increases associated with comparat-
ively small forward movements of the transition point.
The cause of this rather peculiar behavior of the drag was
found, as the result of a sup~lementarY investigation tO

be separately reported, to be associated with the very high
skin-friction intensities usually present at the onset of
turbulence in the boundary layer. The adverse effects of
the high friction intensities are moderated, however, when

the transition occurs in a region of pressure recovery as
it does on the best sectioas in the optimum operating con-
dition. In fact, the type of flow leading to a relatively
high intensity skin friction is then actually desirable in.
order to, avoid separation. It thus appears that it may
always be desirable to effect some pressure recovery in the
neig”hborhood of the transition point, not only because of
the immediate saving in skin friction and lower losses as-
sociated with recovery but also because the turbulent layer
is left to run over the rew.ainder of the airfoil in a thick-
er, and “hence lower, drag condition.

The same conclusion was reached in a different vay,
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which actually led to the design of the 0.5c- chord exten-
sion on the N. A. C.A. 2’7-215 airfoil. If chords longer
than the optimum, that is higher Reynolds Numbers must be
employed, the least adverse drag effects should be expect-

———.

ed when the best possible section is chosen for the for-
ward part of the airfoil and the remainder, which must be
exposed to turbulent skin friction anyway, is added as a
relatively thin extension lying in the wake of the forward
part where the velocities and turbulent-friction intensi-
ties are a m.i.nimum.. .Although the test results in figure
24 cannot be said to substantiate these views, neither can
they be said to disprove them. Owing to the larger chord
and the resulting different relative position of the sur-
vey rake, the results for this airfoil should not be con-
sidered strictly comparable, arid conclusions should be
withheld pending further tests. It is apparent, neverthe-
less, that drag gains will be much less marked if any
large forward movement of the transition point is allowed
to result from increasing values of the Reynolds Number.

CONCLUSION

For airplane wing design and for other airfoil and
streamline body a~F,lications in t’he lower Reynolds Number
range the new lam”inar-flow airfoils and the general de-
sign prir.ciples deduced from the ~resent investigations
may be expected to yield actual w_ing-drag coefficients
mar’kedly smaller tb.an t’hose ‘heretofore possible.

A%rfoil and flow inveskigat?o~s of the type cossiti-
ered must be made under “t~~nn.el-flow conditions approach-
ing freedom from turbulence. Under these suitable condi-
tions, truly laminar-boundary layers may be maintained to
Ilnusually hig’n values of the Reynolds Number. Transition
a~pears ta be sensitive to very small tiisturbances of var-
ious kinds includir.g surface roughness and air-stream. tur-
bulence and, ia the absence of such. disturbances, appears
to be of a different character from that usually observed
in wind-tuznel testing.

Langley Memorial Aeronautical Laboratory,
National Advisory Coamittee for Aeronautics,

Langley Field, Vs., April 25, 1939.
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